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Introduction: Yardang stratum is the basic material unit of yardang landforms. Due to
their protracted age and complex sedimentary structure, formative yardang stratum
mechanisms remain poorly understood. Color, being one of the most intuitive, easily
accessible, and important lithological indicators, can be used to identify yardang
strata sedimentary environments. However, the lack of quantitative analysis and
systematic research have limited how chromatic environmental proxies can be
extracted and interpreted.

Materials and methods: The Dunhuang Yardang National Geopark was selected for
this experiment. Based on chromaticity, grain-size, chemical element, organic
matter, and carbonate content measurements of yardang strata sediment
samples, this study used correlation analysis and chromaticity proxy extraction to
quantitatively characterize associated color changes, controlling factors, and
sedimentary environments.

Results and discussion: Results found significant cyclic changes in chromaticity
parameter curves were observed in the profiles, which is likely indicative of a dry/wet
evolutionary process that occurred during different stages of the yardang
sedimentary environment. Organic matter content was the main factor affecting
changes in brightness, while iron oxide content directly affected yardang sediment
redness and yellowness values. Due to its low value, effects of carbonate content on
brightness were obscured. The grain-size characteristics indirectly affect the
brightness value through the content of quartz, feldspar and organic matter.
Moreover, based on modern analogy method, the brightness and redness values
are proved to be effective proxies for distinguishing the yardang sedimentary
environment. Accordingly, it is concluded that the sedimentary environment of
Dunhuang yardang landforms is composed of sedimentation that derived from
lacustrine, aeolian, and alluvial environments, and that the chromaticity parameter
range and characteristic color for sedimentary environments are extracted and
quantified. Findings from this study not only rectify the lack of quantitative
research on yardang sediment color theory but also provide an important
theoretical basis for identifying sedimentary environments in the field.
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1 Introduction

Yardang is a type of aeolian erosion driven geomorphic feature
distributed throughout extreme arid and semiarid regions. This type of
landform develops on soft sediment, such as the earthy deposits of
river and lakebeds, and its morphology is dominated by streamlines or
long ridges (Niu, 2011; Pelletier, 2018). Yardang strata (i.e., the
yardang sedimentary layer) consist of sedimentary rock layers that
have formed during different geological periods. In this study, the term
“yardang strata” mainly refers to the sedimentary layers exposed on
the surface. Yardang strata have an obvious sequential structure,
consisting of various numbers of sedimentary layers that differ
considerably in thickness. Its sedimentary structure is characterized
by the alternating deposition of hard and cemented aqueous
sedimentary layers and soft aeolian sedimentary layers (Dong et al,
2011; Dong et al,, 2012; Lin et al., 2017; Zhao et al., 2018). In China,
large areas of yardang landforms are mainly distributed in Lop Nur,
the Hami District, the middle and lower reaches of the Shule River,
Qaidam Basin, and the Ulangab League of Inner Mongolia. Among
them, the Dunhuang Yardang National Geopark is large in scale and
concentrated in distribution, with the distribution of yardang in
different development stages and forms, rich sedimentary facies
types and obvious facies sequence structure characteristics, where
the most typical yardang landforms are found.

Color has long been considered an important lithological
Most qualitatively
quantitatively analyzed color changes in yardang sediment (Niu,

indicator. relevant  studies have and
2011; Dong et al., 2012). However, human color perception varies
and opinions differ in describing yardang sediment color, and no
consensus can therefore be drawn. The four prevailing yardang
sediment color types are as follows: yellow (i.e., earthy yellow and
grayish yellow), brown (i.e., light brown, tawny, and reddish
brown), green (i.e., gray-green and light green), and red
(i.e., brown red and light red) (Xia, 1987; Zheng et al., 2002; Qu
et al., 2004; Yang, 2009; Dong et al., 2011; Niu, 2011). Moreover,
sediment color strongly correlates to environmental condition,
which can reflect changes in temperature and humidity
conditions throughout geological history (Liu et al, 2015).
Therefore, sediment color can be used as an environmental
indicator to reconstruct sedimentary environments during
different geological periods. Because qualitative descriptions on
yardang sediment color diversity cannot effectively be used as
environmental indices, a comprehensive quantitative analysis is
urgently needed. Additionally, yardang sediment color alternates
between dark and light between strata, indicating potential cyclic
change during yardang sedimentary environment processes.
Although the significance of these color changes in sedimentary
environments and associated evolutionary processes are important,
no systematic research on this issue has yet been conducted.
CIELAB color space variables (Robertson, 1977) are currently the
main color description and measurement system applied, which can
quantitatively represent color changes. The system uses brightness,
redness, and yellowness to describe any uniform and continuous color
space, providing an effective method for the quantitative analysis of
sediment  color. effective

yardang Chromaticity, as an

paleoenvironmental proxy, has been widely used in studies on
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loess, aeolian, and lacustrine sediment (Yang and Ding, 2003; Du
etal,2019; Liuetal., 2019). However, even though it is an effective and
recognized quantitative analysis method, it has yet to be systematically
applied to yardang strata research.

Accordingly, this study investigates the color changes, controlling
factors, chromaticity parameter range and characteristic color of
yardang sediments based on chroma, grain-size, chemical element,
organic matter content, and carbonate content analysis: 1) to
understand the chromaticity characteristics of yardang sediment; 2)
to screen the controlling factors of color change in yardang sediments
and interpret their influencing process; and 3) to extract the
chromaticity proxies for yardang sedimentary environment and
associated discriminant threshold.

2 Regional setting

The Dunhuang Yardang National Geopark (90°0'0”-93°13’30"
E, 40°25'36"-40°33'10"N) covers an area of 224 km?, located in the
western terminus of the Hexi Corridor, approximately 180 km
northwest of Dunhuang City. This geopark is bordered by the
Xihu Wetland National Nature Reserve to the south, the Kumtag
Desert to the southwest, the Aqik Valley and Lop Nur to the west,
the Sanlongsha dune field to the northwest, and floodplains to the
northeast (Figure 1). The region has a warm temperate continental
drought and desert climate, characterized by arid conditions,
minimal precipitation, strong evaporation, lengthy sunshine
hours, and considerable diurnal and nocturnal temperature
differences. Annual average precipitation and temperature in
this region are approximately 14.99 mm and 11.5°C, respectively
(weather data obtained from Ruogiang County) (Zheng et al., 2002;
Niu et al,, 2017). The region’s annual average wind speed is
approximately 3.11 ms’l, where wind mainly derives from
northerly (NNW-NNE) and easterly (NE-E) directions (Niu,
2014). Strong windy days and dust storms occur in this region.

3 Material and methods
3.1 Stratum profile and sampling

The study area is located within the intermountain basin
between Beishan Mountain and Altyn-Tagh, which is connected
to the Beishan alluvial fan. The topography descends in elevation
from east to west, and geomorphological patterns within these two
cardinal directions differ considerably. Accordingly, two yardang
profiles were selected for this investigation, one in the east (YA) and
one in the west (YB), to analyze their sedimentary environments
and spatial differences. The composition of the YA stratum profile
(40729'26" N, 93°14/28"E; 842 m elevation) is comprised of 22 silt
strata, 14 fine sand strata, 6 medium-sized sand strata, and 2 clay
strata, forming a sedimentary structure, the length, width, and
height of which are approximately 117, 69, and 27.12m,
respectively (Figure 2A). The composition of the YB stratum
(40°30'3.96" N, 93°00'2.94"F; 811 m
comprised of 16 silt strata, 10 fine sand strata, 11 medium-sized

profile elevation) is
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(A) Map of the Dunhuang yardang study area at the western terminus of the Hexi Corridor; (B) The physical environment surrounding yardang landforms
and the location of sampling points, where the Dunhuang Yardang National Geopark is outlined in red; (C) detailed view of the Dunhuang Yardang National

Geopark and its physical environment.

sand strata, and 3 clay strata, the length, width, and height of which
are approximately 75, 43, and 24.28 m, respectively (Figure 2B).
A total of 84 samples were collected from the strata of yardang
YA (44 samples) and YB (40 samples), employing the stratified top to
bottom sampling principle. Each sample was a well-proportioned
mixture of samples obtained from three different locations
(representing one lithological unit). At the same time, we also
collected 32 surface samples (0-5cm) from four different
geomorphic based on their spatial distributions:
K1-K15 samples were collected from the interdune corridor of

units

linear dunes in the northeast of the Kumtag Desert and represent
typical aeolian sediments; S1-S8 samples were collected from the
Shule River, namely, from Xiquan Lake in the southwest of the
Hecang Ruins to the seasonal pond at the terminal of the Shule River;
S2-S5 samples comprised of dry riverbed sediment, while the
remaining samples contained higher moisture levels during
collection; B1-B5 samples were collected from the alluvial fan of
Beishan Mountain, representing a typical alluvial environment;
D1-D4 samples were collected from water-logged land formed by
seasonal precipitation in the study area, representing a hydrostatic
sedimentary environment.

3.2 Analytical methods

Physical and chemical characteristics analysis, correlational
analysis, and an analogical model were the primary research
methods used in this study. The way the thesis develops is shown
as follows: first of all, the physical and chemical characteristics of
yardang sediments and modern surface sediments around the study
area were analyzed, including chromaticity, grain-size, geochemical
elements, carbonate content, and total organic carbon content;
Secondly, combined with the former research results, on the basis
of determining the potential influencing factors, the correlation
analysis was used to determine whether any relationship exists
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between chromaticity parameters and potential influencing factors
and the associated correlation direction and degree; Thirdly, this study
combined qualitative descriptions and quantitative analysis to
effectively identify controlling factors of yardang sediment color
change; Finally, based on the modern analogy method, selected
different typical sedimentary environmental material around the
study area as known parameters, and then effectively discriminated
the yardang sedimentary environment according to the parameter
fitting degree.

Chromaticity was measured using the high-precision JZ-600
colorimeter [applying a D65 standard light source (i.e., the average
midday luminosity of western and northern Europe) with a standard
deviation of AE*ab < .06] at the Environmental Magnetism
Laboratory, Northwest
Resources, Chinese Academy of Sciences. Samples were first dried

Institute of Eco-Environment and
and ground and then sifted them through a 200-mesh screen.
Following this, powdered samples (4 g) were pressed into 32 mm
diameter pellets using the pressed powder pellet technique. After the
colorimeter was calibrated for whiteness with the standard color plate,
the pellets were placed on a white plate to obtain measurements. For
testing, the background light source was kept constant, the viewing
field was set to 10°, and the measuring aperture used was 8 mm.
Measurements were replicated three times and results were averaged.
Estimated errors were <2%. CIELAB color space variables were used to
characterize chromaticity parameters.

Grain-size analysis was conducted at the Key Laboratory of
Western China’s Environmental Systems, Lanzhou University,
Gansu Province, China. Dry samples were pretreated with 30%
hydrogen peroxide (H,0O,) to remove organic matter and soluble
salts, washed with 10% hydrogen chloride (HCL) to remove
carbonates, and then rinsed with deionized (DI) water and
dispersed in 10 mL of a .05 moll-1 sodium hexametaphosphate
(NaPO3)6 mixture on an ultrasonic vibrator for 10 min. Using
the Malvern Mastersizer laser “grain-size” particle size analyzer,
grain-size distribution data were determined to be between .02 and
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Photographic images and lithostratigraphic units of the YA (A) and YB (B) strata profiles.
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2000 um, which were assigned to 100 size classes. Grain-size
parameters were calculated according to reference formulas (Folk
and Ward, 1957).

This study determined geochemical elements at the Key
Laboratory of Desert and Desertification, Northwest Institute of
Eco-Environment and Resources, Chinese Academy of Sciences.
Samples were first crushed to <75 um using a multipurpose grinder
and then dried in an oven at 105°C. Following this, 4 g of the dry
powder material was pressed into 32 mm diameter pellets using 30 t
pressure as recommended by the pressed powder pellet technique.
Pellets were measured using a wavelength dispersive X-ray
fluorescence  spectrometer (AXIOS, PANalytical B.V. the
Netherlands) with a Super Sharp Tube (SST) using a rhodium (Rh)
anose (Rh-anode) filter at 4.0 kW, 60 kW, and 160 mA, while a 75
UHT Be end window was used for elemental analysis. SuperQ (version
5) was used for analysis. The estimated error was <5%.

The gas method was used to analyze calcium carbonate (CaCOs3)
content, employing a Bascomb calcimeter (Bascomb, 1961) at the
Environmental Magnetism Laboratory, Northwest Institute of Eco-

Frontiers in Earth Science

Environment and Resources, Chinese Academy of Sciences.
Measurements were replicated four times and results were
averaged. Total organic carbon (TOC) content was measured using
the potassium dichromate sulfuric acid oxygen titration method, based
on data analysis from the National Standard Sample (GSS-2) of China,
with an estimated error of <.2%.

4 Results and discussion

4.1 Chromaticity variation characteristics in
yardang sediments

As shown through the appendices, color types of the YA profile
can be summarized as yellow (faint-yellow and dark-yellow), brown
(tawny and reddish-brown), green (gray-green and light gray-green),
and gray sediment, of which tawny and gray-green sediment are
dominant with thicker deposits. The color changes in the YB profile
are mainly characterized by tawny, reddish-brown, and gray-green
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TABLE 1 Yardang stratum sediment L*, a* and b* values.

10.3389/feart.2022.1107213

Redness (a*) Yellowness (b*)

Sampling point

Lightness (L*)

YA (n=44) Mean 64.27 6.60 13.56
Min 47.05 2.41 7.27
Max 75.05 12.61 18.84
Ccv 10.02 37.71 19.01
YB (n=40) Mean 62.06 8.13 14.02
Min 37.81 2.18 7.73
Max 77.91 17.98 21.81
Ccv 18.92 51.74 26.12
All (n=84) Mean 62.93 7.38 13.88
Min 37.81 2.18 7.27
Max 77.91 17.98 21.81
Ccv 14.77 46.98 21.86

Note: Coefficient of Variation (CV) = (standard deviation/mean) x 100%.

sediment, among which the alternate characteristics of the tawny and
reddish-brown strata are significant with thicker sediment deposits.
Generally, light- and dark-colored sediment appear in an alternating
sequence in the profile, under different deposition thicknesses.
Spatially, color types in the eastern yardang strata (YA) are richer,
while color cycles in the western yardang strata (YB) are more
distinctive Supplementary Appendix SA; Supplementary Appendix
SB describe lithologic and color characteristics in the YA and YB
profiles (where the tables represent the layers from top to bottom).

In CIELAB color space, L* represents the brightness value, ranging
from 0 to 100. Progressively lower values will darken while
progressively higher values will brighten. In the yardang profiles,
the brightness values range from 37.81 to 77.91 (62.93 average)
and are negatively correlated with the redness and yellowness
values. Brightness values in profiles YA and YB ranged from
47.05-75.05 and 37.81-77.91, respectively, with average of
64.27 and 62.06 and coefficients of variation (CV) were 10.02%
and 18.92% (Table 1). In profile YA, large peak and off-peak
differences were observed in the L* curve, which exhibited obvious
cyclic change. From this, we could divide brightness changes in profile
YA into five sections, where interfaces were located at 2.5m, 9 m,
17 m, and 22.5 m, respectively (Figure 3A). The thickness of each
sectional deposit differed, while changes in brightness values were
characterized by a fluctuant rise or decline. Among them, the
brightness values of Sections 1, 3, 5 show a clear fluctuating
downward trend, while Sections 2, 4 are the opposite. At the same
time, there are also small-scale cyclic changs of varying degrees within
each section. Analogously, we could also divide brightness changes in
profile YB into five sections, where interfaces were located at 2 m,
10 m, 13.5m, and 19.5 m, respectively (Figure 3B).

a* represents the redness value, ranging from -127 to 128.
Progressively lower values turn greener while progressively higher
values turn redder. Yardang sediment redness values ranged from
2.18 to 17.98 (7.38 average, 46.98% CV).

Redness values in profiles YA and YB ranged from 2.41-12.61 and
2.18-17.98 (6.60 and 8.13 averages), respectively, with CV values were
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37.71% and 51.74% and the maximum values appeared at
approximately 20 m and 2 m. b* represents the yellowness value,
ranging from -127 to 128. Progressively lower values turned bluer
while progressively higher values turned yellower. Overall, yardang
sediment yellowness values ranged from 7.27 to 21.81 (13.88 average,
21.86% CV). Yellowness values in profile YA and YB ranged from
7.27-18.84 and 7.73-21.81 (13.56 and 14.02 averages), respectively,
with CV values were 19.01% and 26.12% and the maximum values
appeared at approximately 20.5 m and 2 m. In the yardang profiles,
redness value curves strongly correlated to yellowness value curves,
and they could also be divided into five sections according to their
curve fluctuation characteristics, which is consistent with division
results of the brightness value curves (Figure 3).

4.2 Controlling factors of yardang sediment
chromaticity

Sediment color closely correlates to the sedimentary environment
(Yang et al, 2001; Luo et al, 2007; Ma et al, 2021). Different
deposition environments typically result in differing sedimentary
material composition and chemical elements. Therefore, deposition
components and chemical characteristics that are more sensitive to
color are likely the main factors affecting sediment color. According to
cumulative data from previous studies (Nagao and Nakashima, 1992;
Yang et al.,, 2001; Tian et al., 2012; Du, et al., 2019; Liu et al., 2019),
factors that influence sediment color mainly include grain-size
distribution, organic matter content, carbonate content, and
specific chemical components (i.e., iron oxide). Meanwhile, these
influencing factors can also be used as effective environmental
proxies, and their application has been successfully applied in

lacustrine, loess, and aeolian research.

4.2.1 CIELAB color space (L*a*b*)
Correlation analysis between L*, a*, and b* in sediment at the
Dunhuang Yardang National Geopark is shown in Figure 4. Results
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Distribution curves of the L*, a*, and b* values in profiles YA (A) and YB (B).
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Correlation between L* and a* (A), a*; b* (B), and L* and b* (C) in Dunhuang yardang sediment
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FIGURE 5

Correlation between L* and organic matter content (A), carbonate content (B), total iron content (C) and grain-size characteristics (D—F) in Dunhuang

yardang sediment.

revealed a linear correlation between chromaticity parameters, among
which the correlation between L* and a* was highest and the
coefficient of determination (CD) was .90, followed by b* with a*;
L* this
account, it stands to reason that chromaticity parameters are likely

(CD values were .87 and .82, respectively). Taking into
controlled by similar environmental factors and possess relatively
consistent components which cause sediment colors to occur.
Chromaticity parameters in profiles YA and YB were highly
consistent, indicating relatively small differences between the
eastern (YA) and western (YB) areas. In other words, both are
similar sedimentary environmental types. This finding is consistent
with a previous study on Dunhuang yardang sedimentary
environment identification conducted by the authors of this study

(Liang et al., 2019).

4.2.2 Control factor analysis

Previous studies have shown that brightness changes in loess are
primarily associated with organic matter content, carbonate content,
and iron oxides (Chen, | et al., 2002; Chen, Y et al., 2002; He et al,,
20105 Liu et al., 2015), while organic matter content is the main
influencing factor of aeolian sediment (Liu et al., 2019). The brightness
of lacustrine sediment is positively correlated to carbonate content,
while being less affected by changes in grain-size (Wu and Li, 2004; Du
et al, 2019). Therefore, although the main controlling factors
associated with changes in brightness differ among different
sediment types, overall potential influencing factors include organic
matter content, carbonate content, iron oxide content, and grain-size
characteristics. Then, we will screen and extract the factors influencing
the color of yardang sediments by correlation analysis.

In the Dunhuang yardang strata profiles, L* linearly and negatively
correlated to organic matter and iron oxide (total iron oxide, TFe)
content, exhibiting high coefficient of determination (CD) (i.e., .85 and
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.77, respectively) and correspondingly poor correlation to carbonate
content (i.e., with CD value as low as .005) (Figures 5A-C). Therefore,
brightness change in Dunhuang yardang sediment is the result of the
combined effects of organic matter and iron oxide content, for which
organic matter content is the main influencing factor. As for organic
matter content, researchers generally agree that organic matter
content in sediment closely correlates to the vegetation condition
during deposition periods and can thus be used as a proxy to reflect
vegetation conditions while indirectly indicating precipitation changes
in arid regions (Bai et al, 2008; Liu et al, 2019). The Dunhuang
Yardang National Geopark is situated in an arid inland area, with little
precipitation and only sparse vegetation. Seasonal rivers and
temporary floods pervade the carrying and
subsequently depositing large amounts of clastic particles to low-

entire region,
lying areas, thereby enhancing and subsequently enriching terrigenous
organic matter inputs. Therefore, organic matter content (as an
environmental proxy) can be used to determine moisture variation
in sedimentary environments during different geological periods.
Hydro-sedimentary environments have higher organic matter
content and lower brightness values, while the opposite is true for
aeolian environments. The correlation between L* and total iron oxide
content indicates that the latter is also a factor that affects brightness
variation in yardang sediment, and its effect is weaker than that of
organic content. Meanwhile, iron oxide type and content are generally
considered the main controlling factors affecting redness and
yellowness sediment values. Typically, hematite produces red
sediment, while goethite and magnetite produce bright yellow
sediment (Bigham et al., 1978; Yang et al., 2001; Singh and Gilkes,
2010; Sun et al., 2011).

No correlation was observed between L* and CaCO; content,
which is consistent with brightness analysis findings from surface
sediment in arid regions of Northwest China (Miao et al., 2013). This
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Correlation between brightness and carbonate content in yardang
samples under different carbonate content levels.

suggests that carbonate content may not in fact be one of the factors
affecting brightness value variation. However, this correlation may
disappear altogether when carbonate content falls below 25% (Ren and
Wang, 1981). To test whether it is suitable for yardang sediments,
yardang samples were classified at 25% (as the standard). For these
results, when carbonate content is higher than 25%, the correlation
between carbonate content and brightness can reach .78; otherwise,
the correlation disappears altogether (Figure 6). Taking this into
account, carbonate content has some contributive effect on
brightness. However, due to its low overall content, its role may be
obscured by organic carbon content or other chromogenic minerals.
In other words, carbonate content cannot by itself explain brightness
changes in yardang sediment. In addition, carbonates can be indirectly
associated with brightness through correlation with the sedimentary
environment. Lithogenic carbonates tend to be enriched to the fine-
component, and lacustrine sediments have higher fine-component,
higher carbonate content associated with lower brightness values,
aeolian sediments are the opposite, and alluvial sediments are
between the two. The carbonate content of all YB samples is less
than 10%, mainly lithogenic carbonate, and its content is related to the
wind-hydrodynamic transport and deposition processes, which
explains the weak negative correlation between it and the
brightness value (Figure 5B).

Figure 5D shows the correlation analysis results between L* and
different grain-size components. Among these, the correlation
between L* and the 4-63pum (silt) component was
(.37 Coefficient while  the
between <4 um (clay) and >63 um (sand) was good with CD values

poor
of Determination), correlation
of .70 and .64 respectively. This confirms that brightness changes also
correlate to the percentage of clay and sand components. Sediment
color darkens under increased clay content, while sediment brightens
under higher sand content. There are two possible reasons for this
phenomenon (both direct and indirect). On the one hand, this may be
related to quartz and feldspar content variation. Previous studies
confirmed that light-colored minerals in yardang sediment are
mainly composed of quartz and feldspar, for which no significant
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compositional differences have been observed (Zhao et al., 2022).
Quartz is strongly resistant to weathering and will barely alter between
transport and deposition. The hardness and stability of feldspar is less
than quartz, and it is vulnerable to damage during long-distance
transportation. Therefore, quartz and feldspar tend to be enriched in
coarse fractions, and they thus enhance the brightness value of
sediment. On the other hand, this may also be related to organic
carbon content, which has a tendency to enrich in fine-component. It
is important to note that for this study samples were sufficiently
ground before chromaticity measurements were taken. Thus, the
influence of roughness on the brightness of sediment was removed.
Accordingly, clay and sand components did not directly affect changes
in sediment brightness, and they are likely to have a strong linear
through the sedimentary
environmental relationship. In our previous study, we determined

correlation to brightness values
that the Dunhuang yardang sedimentary environment could be
divided into aeolian, and

environments, where their representative grain-size components

lacustrine, alluvial ~ sedimentary
were 3-60 um, 150-300 um, and 200-550 pum, respectively (Liang
et al,, 2019). Therefore, clay and sand content in yardang sediment
can be used as effective proxy indicators for sedimentary
environmental changes, while differences between aeolian and
hydrological environments will directly affect the amount of
organic matter in sediment, which in turn will influence brightness
values. To verify this result, we sampled contemporary surface
sediment obtained from different typical sedimentary environments
around the study area to measure and analyze chromaticity values
(Table 2). As shown above, as water content decreases, brightness
values will continue to increase from depressions to rivers and then to
desert sediment, for which organic matter content is the carrier of the
link between them. At the same time, the relationship between
brightness values and the sedimentary environment also shows that
L* functions could potentially be used as an effective proxy for the
yardang sedimentary environment identification.

Based on the above findings, we further verified the relationship
between iron oxide content and changes in redness and yellowness,
showing that the correlation of both a* and b* was significantly and
linearly positive to iron oxide content (with CDs of .69 and .62,
respectively) (Figure 7). Soil science research has shown that the
different iron oxide types are a key reason behind changes in soil
color. A hematite content of 1.7% can turn soil red, and the amount of
goethite and magnetite is positively correlated to the b* value (Sun
et al, 2011; Liu et al, 2019). Therefore, iron oxide content is an
important contributing factor for changes in redness and yellowness in
yardang sediment; however, controlling mechanisms of different iron
further investigation.
Additionally, redness and yellowness values also exhibited a high

oxide types on chromaticity require
positive correlation with organic carbon content. Since organic matter
is dark in color, namely, generally brown to black-brown, its
correlation with redness and yellowness is also indirect. The lower
the redness value in sediment, the more ferromagnetic minerals, which
correspond to a reducing environment, will inhibit organic carbon
deposition (Zhu et al., 2014). The yellowness value is correlated with
ferric iron content, and a higher b* value indicates a stronger oxidation
status of an environment, which is conducive to the accumulation of
organic carbon (Luo et al., 2007).

Therefore, the main controlling factors that affect color changes in
Dunhuang yardang sediment were organic matter, and iron oxide and

carbonate content. Among these, organic matter content was the main
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TABLE 2 L%, a*, and L* sediment values from typical sedimentary environments surrounding yardang landforms.

Sampling point Kumtag Desert Shule River The alluvial fan of Beishan Depressions holding
Mountain stagnant water
Aeolian Fluvial environment Alluvial environment (n=5) Hydrostatic
environment (n=15) environment (n=4)
Dry Wet
riverbed (n=4) riverbed (n=4)
Lightness (L*) = Mean 74.06 72.54 67.05 64.54 54.24
Min 71.26 71.23 59.90 54.95 50.88
Max 76.99 73.78 69.75 71.10 58.07
cv 2.16 1.66 7.12 10.69 6.97
Redness (a*) = Mean 3.57 3.02 4.63 4.826 8.15
Min 2.92 1.73 4.08 322 6.87
Max 4.37 4.39 5.35 6.81 9.10
cv 12.05 40.32 1225 32.90 11.46
Yellowness Mean 9.34 9.73 11.45 11.63 14.38
9
Min 7.86 8.83 10.52 9.47 13.12
Max 11.07 10.45 13.11 14.03 15.76
cv 10.16 6.89 10.50 14.79 8.61

Note: Coefficient of variation (CV) = (standard deviation/mean) x 100%.
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FIGURE 7
Correlation between a* and b* with organic matter content (A,D), carbonate content (B,E) and total iron content (C,F), respectively.

influencing factor for changes in brightness, followed by iron oxide  contributes to brightness value variation; however, due to its low
content. With an increase in organic matter and iron oxide content,  content, its role may be obscured by organic carbon content or other
sediment will darken, and vice versa. The carbonate content also  chromogenic minerals. Brightness indirectly correlated to the coarse
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Changes in agglomeration coefficients versus the number of clusters (A,C); Clustering results of yardang YA (B) and YB (D) samples.

and fine composition of sediment, while quartz, feldspar, and organic
matter content were used as carriers. Iron oxide content, as the main
controlling factor for changes in redness and yellowness values in
yardang sediment, significantly and positively correlated to a* and b*
values, and its controlling mechanisms may be related to the content of
different iron oxide types, which requires further investigation. In
addition, an indirect correlation was also found between redness and
yellowness and organic carbon content, for which the redox
environment was the intermediate link.

4.3 Implications for sedimentary
environments

4.3.1 Discrimination of sedimentary environment

Relevant studies have shown that chromaticity changes are
indicative of environmental change to a certain extent, which
researchers have used as an effective proxy indicator in the
study of paleoenvironmental changes, having been widely used
in aeolian (Liu et al., 2019), loess (Kong et al., 2017), lacustrine (Du
etal., 2021), and marine sediment (Yang et al., 2018). Where the L*
value changes can be indicative of differences between wet and dry
environments, while rising and falling a* values closely correlate to
temperature.

According to chromaticity measurement values in contemporary
surface sediment (shown in Table 2), the variability of sediment
chromaticity values across environments was significant. The
chromaticity values exhibit obvious regular changes between dry
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and wet environmental conditions. Where the highest L* values
and the lowest a* and b* values were found in aeolian sands of the
Kumtag Desert, with mean values of 74.06, 3.57, and 9.34, respectively.
The opposite was true for sediment in depressions holding stagnant
water, with average L*, a*, and b* values of 54.28, 8.15, and 14.38,
respectively. The similarity between the Beishan alluvial fan and
seasonal river material sediment was high, while dry riverbed
sediment was closer to aeolian sand, which is associated with
strong material weathering and aeolian transportation processes in
arid regions. Therefore, the chromaticity parameter can be used as an
proxy sedimentary
environments of Dunhuang yardang landforms, while prognostic

effective index to discriminate between
differences of different parameters require further investigation.
According to research results on chromaticity characteristics in
Lop Nur sediment within the study area (Luo et al., 2007), L* can be
used as a proxy to reflect differences between dry and wet
environments. High brightness values indicate cold and wet
environments, and vice versa. Redness is positively correlated to
atmospheric temperature, which can be used as an indirect
indication of changes in dry and wet environments. Additionally,
redness is consistent with a changing trend in clay-component and
secondary clay-component content, which can be used as an indicator
of soil formation intensity (Zhu et al, 2014). On the basis of the
information discussed above and the analysis of chromaticity
parameters in contemporary sediment, this study combined
brightness and redness as a proxy to distinguish between
sedimentary environments while using redness as a proxy to
identify sedimentation intensity. To test whether the proxies are
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FIGURE 9

Comparison between clustering results of yardang samples and average values of contemporary surface samples (with their corresponding

photographic images).

suitable for yardang sediments, we will then conduct a study on the
discrimination of Yadan sedimentary environment based on them.

Scatter plots between brightness and redness (Figure 8) showed
that yardang samples were sequentially distributed along brightness
values (from high to low) and redness values (from low to high).
According to the regular distribution and clustering characteristics of
the scattered points, we introduced the hierarchical clustering method
to classify the yardang samples. The hierarchical clustering analysis
uses the average linkage as the linkage method between groups, and
the city-block distance is used to quantify the similarity among scatter
plots. The number of clusters is estimated through the change in
agglomeration coefficient with the number of clusters, and a “knee” is
applied to look for the largest magnitude difference between two
adjacent points of the change in the agglomeration coefficient, which
indicate the optimum number of clusters. The resulted of cluster
analysis are shown in Figure 8, where YA samples were divided into
four clusters (Figures 8A, B), while YB samples consist of five clusters
(Figures 8C, D), indicating the diversity of yardang sedimentary
environment types. A comparison of the classification results of the
two groups of yardang samples shows that they have great similarity,
while YB is richer in terms of the number of clusters and distribution
range (Figure 9). After the completion of sedimentary environment
classification, the most urgent issue that remains to be resolved is
distinguishing among the sedimentary environment types.

In this study, we use the contemporary analogical method to
identify unknown sedimentary environments according to the know
parameters. Typical environmental sediments on the surface were
selected as known parameters and their average values were mapped
to the yardang sample coordinate system (Figure 9), from which it
follows that cluster YBI coincided with the average sediment sampling
points in the Kumtag Desert and the dry bed of the Shule River, which is
indicative of an arid environment. In arid areas, dry riverbed material is
an important desert sediment source, which is mainly influenced by
aeolian processes. Therefore, the environment which formed these
materials can be identified as an aeolian sedimentary environment.
The cluster YB2 samples was corresponded to wet riverbed and alluvial
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fan material, indicating that these samples are alluvial sediment. The
similarity between wet riverbed and alluvial fan material is mainly
associated with seasonal precipitation. Surface vegetation in the study
area is sparse, and surface runoff is mainly in the form of rivers that
formed via seasonal precipitation, which made fluvial and alluvial
sediment parameters similar. Cluster YA1 well overlaps with cluster
YB1 and YB2, indicating its composition of aeolian and alluvial
sediments. According to the degree of overlap of cluster YA2-3 and
YB3 and the similarity to hydrostatic sediment, this environment type
can be distinguished as a lacustrine sedimentary environment. Cluster
YA4 and YB4 belong to the same sediment type, while cluster
YB5 belongs to another type. Due to the lack of contemporary lake
samples, these two sedimentary environments cannot be distinguished.
However, the redness values from cluster YB3 to YB5 samples gradually
increased, which suggested an increasing trend in the fine fraction
content as per the association between redness and soil formation.
Grain-size sediment composition in different regions and in different
lakes differed significantly; however, the trend from the shoreline to the
lake center was consistent. In other words, the fine fraction gradually
increased. Therefore, it can be inferred that the cluster YB3-5 sample
derived from a different sedimentary subtype of the lacustrine
sedimentary environment, namely, located at different positions from
the shoreline to the lake center. To conclude, the yardang depositional
environment can be classified into three typical types: aeolian (YB1 and
partof YA1), alluvial (YB2 and part of YA1), and lacustrine (YA2-4 and
YB3-5, which represent different positions from the shoreline to the lake
center).

4.3.2 Extraction of the characteristic color

The above results are consistent with our previous quantitative
reconstruction of a yardang sedimentary environment based on
endmember modeling. On the whole, yardang strata were
dominated by the lake environment, and aeolian and hydrogenic
material was deposited at an alternating sequence (Liang et al., 2019).
To further demonstrate the utility of chromaticity proxies as indicators
of sedimentary environments, we conducted an in-depth analysis of
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TABLE 3 Chromaticity parameter values within different yardang sedimentary environments.

Sedimentary Aeolian Alluvial Lacustrine environment (n=38)
environment environment (n=18) environment (n=9)
shoreline transitional lake
(n=2) (GE)) center (n=21)
Lightness (L*) = Mean 72.64 69.18 64.95 60.51 51.00
Min 66.51 66.58 62.24 53.75 37.81
Max 77.91 70.70 67.65 66.33 61.30
cv 3.75 1.96 5.89 5.40 13.84
Redness (a*) = Mean 3.95 4.85 7.78 8.09 11.88
Min 2.40 4.08 6.61 6.69 8.06
Max 5.27 5.77 8.95 9.25 17.98
cv 23.50 12.04 2127 1021 2247

Note: Coefficient of variation (CV) = (standard deviation/mean) x 100%.
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Comparison of discriminant results from a yardang sedimentary environment based on chromaticity and grain-size (A) and discriminant threshold
analysis of a typical sedimentary environment (B).

chromaticity parameter values of various sedimentary environments  Thus, cluster four and five were distinguished as the sedimentary
in yardang strata. Based on discriminant results from the yardang  environment of the lake center, while cluster three was relatively
sedimentary environment, we identified samples with endmember = mixed and difficult to identify; however, its main body was
characteristics >70% as typical sediment types. A total of 18 samples of  distinguished as the transitional sedimentary environment. In
typical aeolian sediment, nine samples of typical alluvial sediment, =~ summary, brightness and redness are effective indicators to
38 samples of typical lacustrine sediment, and 19 samples of mixed  distinguish between aeolian, alluvial, and lacustrine sedimentary
sediments were obtained after verification. Chromaticity parameter  environments while not effective in identifying subtypes of
values of each sediment type are shown in Table 3. All typical sediment  lacustrine environments. Additionally, according to sample
samples were mapped to the brightness and redness coordinate system  distribution characteristics, the distribution range of typical
(distributions shown in Figure 10A). By comparison, typical aeolian,  sediment types within different environments can be effectively
alluvial, and lacustrine sediments corresponded to cluster 1, cluster 2,  divided by excluding “interference” samples. Aeolian samples were
and cluster 3-5, respectively, which indicated that results were  mainly concentrated in areas with high brightness and low redness
consistent. Additionally, the variation trend in lacustrine sediment  values, with ranges of L* >71.0 and a* <5.2. Instead, lacustrine samples
from the shoreline to the transitional zone and then to the lake central ~ were concentrated in areas with low brightness and high redness
was consistent with extrapolations based on chromaticity parameters.  values, with ranges of L* <66.3 and a* >6.5. By contrast, center lake
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TABLE 4 Characteristic colors of different environmental sediments in Dunhuang yardang.

Sedimentary environment

Aeolian environment (n=18)
brown

Alluvial environment (n=9)

Lacustrine environment (n=38)

sediment was more typical and more easily distinguishable, with
ranges of L* <55.1 and a* >11.0. The distribution area of alluvial
samples was between aeolian and lacustrine, with ranges of 6.6<
L* <71.0 and 4.1< a* <5.8. At present, quantitative research on
chrominance  parameters in sedimentary ~ environment
reconstruction remains insufficient. Based on research results from
a Cenozoic sedimentary environment in Bohai Bay, China, a redness
value of 2.5 is the threshold for marine and continental deposition,
while a redness value <2.5 is the threshold for marine deposition, and
vice versa (Gao et al, 2017). Overall, the redness value of yardang
sediment was higher than 2.5, which is in line with the discrimination
threshold of marine and continental sediment. Accordingly, in this
study we revised the redness value range for the discrimination of
aeolian sedimentary environment to 2.5-5.2.

Through the above studies, the chromaticity parameters were
proved to be effective proxies for distinguishing the yardang
sedimentary environment. how to establish the

relationship between the color change and the sedimentary

However,

environment, and provide the basis for the field sediment
environment discrimination, has become a desiderative problem to
be studied. Therefore, we extracted the color characteristics of typical
environmental sediments for summary analysis, and the results are
shown in Table 4. The color of yardang sediments is mainly tawny and
reddish-brown, which is similar on the whole. However, through
comparative analysis, characteristic colors can be effectively extracted,
as follows: aeolian sediments (gray and green), alluvial sediments
(brown), and lacustrine sediments (yellow).

In summary, the brightness and redness can be used as effective
proxies for distinguishing yardang sedimentary environments. At the
same time, in combination with sediment environment reconstruction
results based on grain-size parameters, the chromaticity parameter
range and characteristic color of typical environmental sediment was
quantified as follows: aeolian (gray and green, L* >71.0, 2.5< a* <5.2),
alluvial (brown, 6.6< L* <71.0, 4.1< a* <5.8), and lacustrine (yellow,
L* <66.3; a* >6.5). However, due to the limited number of samples
used in this study, the abovementioned chromaticity parameter
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Color category

tawny, reddish-brown, gray-green, light gray-green, taupe, light gray, Reddish-

tawny, light tawny, reddish-brown, taupe, gray-green

tawny, reddish-brown, gray-green, yellow ochre, faint-yellow, yellow

13

Characteristic color Realistic photo

gray and green

brown

yellow

thresholds are only suitable for identifying “typical” sedimentary
environments.

5 Conclusion

Based on chromaticity analysis of yardang strata sediment and its
correlation to grain-size, chemical elements, and organic matter and
carbonate content, this study conducted a quantitative interpretation
and reconstruction of chromaticity change characteristics, ascertained
the main influencing factors, and described sedimentary chromaticity
proxy characteristics of the Dunhuang yardang strata sediment
environment.

We concluded that Dunhuang yardang sediment was mainly tawny,
reddish-brown, and significant cyclic changes in chromaticity
parameter curves were observed in the profiles, which is likely
indicative of a dry/wet evolutionary process that occurred during
different stages of the yardang sedimentary environment. Organic
matter content was the main factor affecting changes in brightness,
while iron oxide content directly affected yardang sediment redness and
yellowness values. The carbonate content also contributes to brightness
value variation; however, due to its low content, its role may be obscured
by organic carbon content or other chromogenic minerals.
Brightness indirectly correlated to the coarse and fine composition of
sediment, while quartz, feldspar, and organic matter content were
used as carriers. In addition, using brightness and redness as
sedimentary environment discrimination proxies, the sedimentary
environment of Dunhuang yardang landforms can be divided into
aeolian, alluvial and lacustrine environments. Meanwhile, the
chromaticity parameter range and characteristic color of typical
environmental sediment was extracted and quantified as follows:
aeolian (gray and green, L* >71.0, 2.5< a* <5.2), alluvial (brown,
6.6< L* <710, 41< a* <58), and lacustrine (yellow, L* <66.3;
a* >6.5). However, due to the limited number of samples in this
study, discrimination threshold accuracy remains insufficient and
further research is necessary.
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Findings from this study not only rectify the lack of quantitative
analysis related to yardang sediment color but also provide a
theoretical basis for studying the significance of yardang sediment
color change in sedimentary environments.
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